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Abstract: Chronic inflammation has been associated with several chronic diseases, such as age-related
macular degeneration (AMD). The NLRP3 inflammasome is a central proinflammatory signaling
complex that triggers caspase-1 activation leading to the maturation of IL-1β. We have previously
shown that the inhibition of the chaperone protein, Hsp90, prevents NLRP3 activation in human
retinal pigment epithelial (RPE) cells; these are cells which play a central role in the pathogenesis of
AMD. In that study, we used a well-known Hsp90 inhibitor geldanamycin, but it cannot be used as a
therapy due to its adverse effects, including ocular toxicity. Here, we have tested the effects of a novel
Hsp90 inhibitor, TAS-116, on NLRP3 activation using geldanamycin as a reference compound. Using
our existing protocol, inflammasome activation was induced in IL-1α-primed ARPE-19 cells with
the proteasome and autophagy inhibitors MG-132 and bafilomycin A1, respectively. Intracellular
caspase-1 activity was determined using a commercial caspase-1 activity kit and the FLICA assay.
The levels of IL-1β were measured from cell culture medium samples by ELISA. Cell viability
was monitored by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test and
lactate dehydrogenase (LDH) measurements. Our findings show that TAS-116 could prevent the
activation of caspase-1, subsequently reducing the release of mature IL-1β. TAS-116 has a better
in vitro therapeutic index than geldanamycin. In summary, TAS-116 appears to be a well-tolerated
Hsp90 inhibitor, with the capability to prevent the activation of the NLRP3 inflammasome in human
RPE cells.
Keywords: NLRP3; Hsp90; TAS-116; age-related macular degeneration; retinal pigment epithelium
1. Introduction
Inflammasomes are intracellular signaling complexes. The most extensively studied
inflammasome contains a member of the NLR family, pyrin domain containing 3 (NLRP3)
receptor, an apoptosis-associated speck-like protein containing a CARD (ASC), and caspase-
1 proteins [1]. The assembly of the NLRP3 inflammasome activates caspase-1, which
is needed for cleaving the proinflammatory cytokines IL-1β and IL-18 into their active
forms, as well as for activating a cell death pathway called pyroptosis [2]. The NLRP3
inflammasome is a central regulator of inflammation and its activation has been associated
with several age-related diseases, such as Alzheimer’s disease, atherosclerosis, Parkinson’s
disease, and age-related macular degeneration (AMD) [1,3–10].
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The activation of the NLRP3 inflammasome is a stringently regulated two-step pro-
cess [1]. A priming signal, which commonly is transmitted through Toll-like receptors
(TLRs) or cytokine receptors, induces the production of NLRP3 and pro-IL-1β by activating
the transcription factor, nuclear factor kappa B (NF-кB) [1]. Thereafter, an activation signal
leads to the oligomerization of NLRP3 molecules and the subsequent maturation of IL-1β
and/or IL-18 through the activation of the caspase-1 enzyme [2]. In age-related macular
degeneration (AMD), several examples of activators of the NLRP3 inflammasome have
been identified, e.g., drusen and lipofuscin components, cathepsin B leaking from damaged
lysosomes, and oxidative stress [9,11–13].
Mayor et al. used THP-1 cells and demonstrated that Heat shock protein (Hsp)90 is a
crucial chaperone, protecting NLRP3 from destruction while keeping it intact but ready to
be activated [14]. We have recently shown that the inhibition of Hsp90 by geldanamycin
could prevent the NLRP3 activation-dependent IL-1β release from human retinal pigment
epithelium (RPE) cells [15]. Some Hsp90 inhibitors have been developed and tested
especially for cancer therapy [16]. There are pathogenic conditions where aberrant Hsp90
client proteins are thought to have a crucial role, e.g., in many neurodegenerative and
aggregation diseases; therefore, Hsp90 inhibitors are an interesting option in treating
those diseases as well [17]. 17-AAG, a synthetic derivative of geldanamycin, has shown
advantageous properties, such as anti-inflammatory effects in murine models of endotoxin-
induced uveitis, retinitis pigmentosa, and inherited retinal degeneration [18–20]. Thus,
limited efficacy and poor solubility have limited further trials with 17-AAG [16]. Despite
the positive results, when more potent Hsp90 inhibitors were examined in clinical trials,
several serious adverse effects were observed; the most notable of these included ocular
toxicity accompanied with visual disturbances [21–24].
Japanese researchers have recently developed 4-(1H-pyrazolo[3,4-b]pyridine-1-yl)
benzamide, abbreviated to TAS-116, that is a selective inhibitor of cytosolic Hsp90α/β [25].
Unlike other Hsp90 inhibitors, such as 17-AAG, 17-DMAG, NVP-AUY922, BIIB021, or
SNX-2112, TAS-116 does not inhibit other Hsp90 paralogs, e.g., GRP94 in the endoplasmic
reticulum or TRAP1 in mitochondria [25]. Moreover, interactions between cytochrome
P450 enzymes and TAS-116 are minimal [25]. Orally administered TAS-116 has not induced
photoreceptor injuries in rats [25]. Additionally, TAS-116 was claimed to be well tolerated
by human RPE cells [25]. In a phase I clinical trial in patients with gastrointestinal stromal
tumor, TAS-116′s most common side effects were gastrointestinal disorders, increased
serum creatinine levels, and reversible eye disorders [26].
In AMD, which is the leading cause of blindness in developed countries, NLRP3 is
abundant in the retina, and IL-1β levels are high in the vitreous body [10,27,28]. We and
others, have shown that the NLRP3 inflammasome is activated in cells of the retinal pig-
ment epithelium (RPE) [8,11,12]. The RPE is a post-mitotic cell monolayer located between
the retina and Bruch’s membrane [29]. It maintains the functionality of the photoreceptors
and the homeostasis of the retina. In AMD, RPE degeneration is associated with increased
oxidative stress, dysfunctional cellular clearance of damaged macromolecules, and in-
flammation [30]. Several investigations using cultured cells or in animal models of AMD,
have shown that this inflammation can be alleviated by silencing NLRP3 or inhibiting
caspase-1 [3,8,10–13,31,32]. Downregulation of the NLRP3 pathway has also been reported
to improve the viability and the morphology of stressed RPE; therefore the regulation of
NLRP3 via Hsp90 inhibition is a potential target to treat AMD, a disease that urgently
needs new treatment options. [10,11,31].
In this study, we have examined the effects of TAS-116 on NLRP3 inflammasome
activation and cell viability in human RPE cells, and compared them to the effects of
geldanamycin. Our present data indicate that, similarly to geldanamycin, TAS-116 is
able to reduce the caspase-1-dependent secretion of IL-1β from human RPE cells, while
exhibiting a better tolerability profile than geldanamycin.
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2. Results
2.1. TAS-116 Is Better Tolerated by RPE Cells than Geldanamycin
Since cytotoxicity is the major issue limiting the use of Hsp90 inhibitors [16], we
applied two different methods to examine the viability of TAS-116-treated ARPE-19 cells.
As the data from the lactate-dehydrogenase (LDH) assay indicate, TAS-116 concentrations
from 1 µM to 25 µM caused only a minor increase in LDH levels (Figure 1A). A concen-
tration of 50 µM showed a trend towards increased LDH release, although the difference
to untreated control cells remained statistically non-significant (p = 0.13). Subsequently,
MTT data were used to calculate cell viability (Figure 1B). When compared to untreated
cells, a TAS-116 concentration of 100 µM caused a reduction of over 20% in cell viability,
whereas geldanamycin reduced cell viability to below 80% at the concentration of 1.0 µM,
(Figure 1C).
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(BafA) provided the activation signal to the NLRP3 inflammasome, which led to the 
secretion of IL-1β [3]. The exposure of RPE cells to 0.1–2.5 µM TAS-116 significantly 
reduced the secretion of IL-1β (Figure 2A). In addition, 0.5 µM TAS-116 reduced the 
secretion of IL-8 (Figure 2B). Since these TAS-116 concentrations were not cytotoxic 
(Figure 1A,B), the present data suggest that TAS-116 actively prevented the release of IL-
1β and IL-8 from RPE cells with dysfunctional intracellular clearance, and furthermore, 
that the reduced interleukin levels did not result from cell death. In a comparison with 
TAS-116, we also measured the anti-inflammatory effect of geldanamycin (Figure 2C). A 
concentration of 0.01 µM geldanamycin was sufficient to significantly reduce the secretion 
of IL-1β in IL-1α, MG-132, and BafA-treated cells (Figure 2C). 
c o n tro l T A S  
(1 .0  µM )
T A S
(1 0  µM )
T A S  
(2 5  µM )
T A S
(5 0  µM )
T A S









































* * * * * * * * * * * *n s
c o n tro l G A  
(0 .1  µM )
G A  
(0 .2 5  µM )
G A  
(0 .5  µM )
G A  
(1 .0  µM )
G A  






































n s * * * * * * * * * * *n s
c o n tro l T A S
(1 .0  µM )
T A S
(1 0  µM )
T A S
(2 5  µM )
T A S







































* * * *n s n s n s
T A S -1 1 6  / L D HA
n s
Figure 1. Cell viability upon exposure of ARPE-19 cells to TAS-116 or geldanamycin. Cells were treated for 48 h with the
indicated TAS-116 (TAS) or geldanamycin (GA) concentrations. LDH release from TAS-treated cells was measured from cell
culture medium samples and compared to the values of untreated control cells, which were set to a value of 1 (A). Cells
exposed to MG-132 (MG) served as a positive control. MTT results of TAS-116 (B) or geldanamycin-treated cells (C) were
compared to untreated control cells, the viability of which was set to 100%. Data are combined from two (B) or three (A,C)
independent experiments with four parallel samples in each group. All results are presented as mean ± SEM. *** p < 0.001,
**** p < 0.0001, ns = nonsignificant, Mann–Whitney U test.
2.2. TAS-116 Reduces the Secretion of IL-1β and IL-8 from RPE Cells with Dysfunctional
Intracellular Clearance
We have previously shown that disturbances in proteasomal and autophagy clearance
promote ROS production and further activate NLRP3 inflammasome signaling in human
RPE cells [3,15]. Since NLRP3 activation is known to depend on two distinct signals [32,33],
we first primed the cells with IL-1α, as previously described [10,15]. Thereafter, the pro-
teasome inhibitor MG-132 and lysosome neutralizer bafilomycin A1 (BafA) provided the
activation signal to the NLRP3 inflammasome, which led to the secretion of IL-1β [3]. The
exposure of RPE cells to 0.1–2.5 µM TAS-116 significantly reduced the secretion of IL-1β
(Figure 2A). In addition, 0.5 µM TAS-116 reduced the secretion of IL-8 (Figure 2B). Since
these TAS-116 concentrations were not cytotoxic (Figure 1A,B), the present data suggest that
TAS-116 actively prevented the release of IL-1β and IL-8 from RPE cells with dysfunctional
intracellular clearance, and furthermore, that the reduced interleukin levels did not result
from cell death. In a comparison with TAS-116, we also measured the anti-inflammatory
effect of geldanamycin (Figure 2C). A concentration of 0.01 µM geldanamycin was suffi-
cie t to significantly reduce the secretion of IL-1β in IL-1α, MG-132, and BafA-treated cells
(Figure 2C).
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Figure 2. The effect of TAS-116 (TAS) on the release of IL-1β (A) and IL-8 (B), and the effect of geldanamycin (GA) on the
release of IL-1β (C). IL-1α-primed RPE cells were exposed concurrently to TAS or GA and MG-132 (MG), and 24 h later to
Bafilomycin A1 (BafA). IL-1β release from TAS- or GA-treated cells was measured from cell culture medium samples and
compared to the values in the IL-1α + MG + BafA group, which was set to a value of 1. Data are combined from two to
three independent experiments with four parallel samples in each group and are presented as mean ± SEM. * p < 0.05,
** p < 0.01, *** p < 0.001 **** p < 0.0001, Mann–Whitney U test.
2.3. TAS-116 Has a Higher Therapeutic Index than Geldanamycin In Vitro
The safety and potency of compounds can be combined to calculate their therapeutic
index. The therapeutic index is a ratio between toxic and therapeutic concentrations. Our
cut-off point for toxicity was the lowest concentration causing a reduction of over 20%
in the cell viability. This follows the ISO 10993-5:2009 standard for Biological evaluation
of medical devices, which states that over 80% cell viability is considered acceptable [34].
We defined the lowest concentration that reduced the secretion of IL-1β by 60% to be the
therapeutic concentration, since this level of reduction appears to be the maximal anti-
inflammatory response achievable with both TAS-116 and geldanamycin. The in vitro ther-
apeutic index for TAS-116 was 200 (calculated by the Equation (1) presented in Section 4.5;
Figure 3A,B), while for geldanamycin, it was only 4. This means that the TAS-116 concen-
tration that reduced cell viability to below 80% was 200-fold higher than the concentration
needed to achieve a 60% reduction in the secretion of IL-1β. In the case of geldanamycin,
the concentration that reduced cell viability to below 80% was only 4 times higher than the
concentration needed for a 60% reduction in the secretion of IL-1β. This clearly shows that
TAS-116 exhibits a better tolerability profile than geldanamycin.
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2.4. TAS-116 Prevents the Activation of Caspase-1
Since the release of IL-1β is dependent on the cleavage of pro-IL-1β by caspase-1,
we measured the activity of caspase-1 from ARPE-19 cell lysates. As shown in Figure 4,
TAS-116 significantly reduced the caspase-1 activity when compared to primed RPE cells
exposed to MG-132 + BafA without TAS-116. The effect of TAS-116 on caspase-1 activity
was concentration-dependent (Figure 4). We further confirmed this finding by using the
FLICA probe FAM-YVAD-FMK. Caspase-1 activation (green) was increased in primed cells
upon exposure to MG-132 and BafA, whereas TAS-116 (1.0 µM) treatment reduced the
activation of caspase-1 (Figure 5).
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2.5. TAS-116 Has No Effect on the Levels of Hsp90 or Hsp70 Increased by the Decline in
Intracellular Clearance
We have p eviously shown that Hsp90 inhibition with geldanamycin promotes the
removal of NLRP3 [15]. In order to examine whether Hsp90 would be removed along with
NLRP3, we measured intracellular protein levels of sp90 using the Western blot method.
The protein levels of Hsp90 were increased following the cellular stress induced by MG-132
and BafA (Figure 6A,B). TAS-116 had no effect on the Hsp90 protein levels (Figure 6A,B).
Since Hsp90 inhibition is known to induce the production of other Hsp proteins [35,36],
we tested whether TAS-116 could influence the levels of Hsp70. Similarly to Hsp90, an
exposure of RPE cells to MG-132 and BafA increased the Hsp70 levels (Figure 6A,C). TAS-
116 treatment further increased the levels of Hsp70 but the effect was not statistically
significant (p = 0.23).
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technique (A). Quantified protein levels of Hsp90 (B) and Hsp70 (C). IL-1α-primed RPE cells treated with MG-132 (MG)
+ Bafilomycin A1 (BafA) and TAS-116 (TAS) if indicated. Data are combined from two independent experiments with
four parallel samples in each group per experiment. Results are presented as mean ± SEM. ** p < 0.01, *** p < 0.001,
ns = nonsignificant, Mann–Whitney U test.
3. Discussion
The degeneration of RPE cells plays a major role in the development of AMD [30].
Various stress factors lead to the activation of the NLRP3 inflammasome in RPE cells, pro-
moting inflammation and stress [8,12,13]. Prevention of NLRP3 inflammasome activation
has been shown to increase the viability of the stressed RPE [10,11,31]. This forms the basis
why new drug candidates, such as natural polyphenols, which prevent IL-1β secretion by
inhibiting the function of NLRP3 or other inflammasome components, have lately been
under scrutiny in relation to immunological, neurological, and metabolic diseases [37,38].
Our research interest was focused on the anti-inflammatory effect of Hsp90 inhibitors,
since previous therapeutic applications of Hsp90 inhibitors have been beset by ocular
toxicity [21–24]. For example, in the study of Sessa et al. (2013), 23% of the patients who
received the Hsp90 inhibitor AUY922, suffered from night blindness [23]. In addition to
adverse effects, the development of Hsp90 inhibitors has struggled with finding the optimal
balance between effectiveness and tolerability [16]. In the therapy of retinal diseases, even
high drug concentrations should not cause ocular toxicity, while low doses should suffice
to evoke a therapeutic response.
From a pharmacological point of view, one of the most important factors is the ratio
between the therapeutic effect and toxicity. In the present in vitro study, TAS-116 exhibited
a 50 times higher therapeutic index than geldanamycin, a compound which was examined
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in our previous study [15]. The therapeutic index is usually derived from in vivo results
with the formula LD50/ED50 (LD50 = lethal dose for 50% of population, ED50 = minimum
effective dose for 50% of population). There are no widely accepted criteria for what would
represent a drug with a narrow therapeutic index [39], but a rule of thumb is that an index
lower than 3 or 4 is narrow [40]. The in vitro therapeutic index can be used as a predictive
value for the in vivo index [41]. A limitation of the in vitro therapeutic index is the lack
of a universally accepted calculation approach, and the fact that there are no guidelines
for estimating the correlation between in vitro and in vivo derived therapeutic indexes.
However, one fact about the in vitro therapeutic index is clear: the higher the better.
Hsp90α and Hsp90β are the two major mammalian Hsp90 isoforms and they share
great structural and functional identity [42]. Generally, Hsp90α is inducible and Hsp90β is
constitutively expressed, and TAS-116 is capable of inhibiting both isoforms (Hsp90α Ki
34.7 nmol/L, Hsp90β Ki 21.3 nmol/L) [25,42]. We did not analyze Hsp90 isoforms in the
present study, but a recent study suggests that inflammasome signaling can be regulated
only by inhibiting Hsp90α [43]. In the present study, we have also concentrated only
on RPE, and in future studies, photoreceptors need more detailed examination. That is
justified since Hsp90 inhibitors can be directly toxic to photoreceptor cells [44]. In the
publication of Ohkubo et al. (2015), two-weeks treatment with TAS-116 did not cause any
visible retinal damage on rats although the peak concentration in the retina was 4 µM,
8 times higher than the lowest therapeutic concentration in our article [25]. Therefore,
expectations for safety are high, which also applies with respect to new studies.
Despite utilizing the same cell line (ARPE-19), our absolute viability values in response
to TAS-116 exposure differed from the results of Suzuki et al. [45]. We observed only a 20%
reduction in cell viability with TAS-116 at a 100 µM concentration, while TAS-116 at a much
lower level, 0.625 µM, evoked this level of cytotoxicity in the work of Suzuki et al. [45].
A similar phenomenon was observed in their analysis of the toxicity of 17-AAG, a semi-
synthetic analog of geldanamycin [45]. The 17-AAG concentration causing over 20%
toxicity in their experiment was 0.313 µM, while our cells tolerated a concentration of up
to 1 µM of the more toxic geldanamycin before reaching the same limit [45]. However, this
kind of inter-laboratory variation between cell lines is a common phenomenon. Despite
the different values, our data showed a similar trend with the findings of Suzuki et al.
Thus, both research groups suggest that RPE cells tolerate TAS-116 better than other Hsp90
inhibitors [45].
Our previous study demonstrated that geldanamycin treatment prevented NLRP3
inflammasome activation [15]. Our present data showing the reduced release of IL-1β,
suggest that TAS-116 functions in a similar manner. This, supported by other publications,
indicates that the anti-inflammatory effect of Hsp90 inhibitors is related to the activation
of NLRP3 [14,15,46–48]. All these publications have shown that Hsp90 inhibition reduces
the secretion of IL-1β, which requires the inflammasome-associated action of caspase-1 for
its cleavage and maturation. Correspondingly, Hsp90 inhibition has also been shown to
result in reduced caspase-1 activity [14,15,48]. Mayor et al. and Li et al. applied immuno-
precipitation techniques and demonstrated that Hsp90 physically interacts with NLRP3 in
human embryonic kidney 293T and murine microglial BV2 cells, respectively [14,48]. In
the present study, we used ARPE-19 cells that as undifferentiated line cells, serve as an
initial experimental model for the anti-inflammatory effects of TAS-116. In subsequent
studies, we need to confirm our findings using primary human RPE cells and a suitable
animal model.
Zuo et al. treated mice with 17-AAG after an experimental subarachnoid hemorrhage
and found that the resulting Hsp90 inhibition reduced the protein level of Hsp90 in brain
tissue [47]. We did not observe any change in the protein levels of Hsp90 in ARPE-19 cells
after the inhibition of Hsp90 (Figure 6B). One possible explanation is that Hp90 is degraded
by either proteasomal clearance or autophagy, i.e., processes which were blocked in our
cell model [49,50]. On the other hand, Beck et al. conducted an in vitro study with K562
cells and reported that Hsp90 inhibition with 17-AAG did not induce the degradation
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of Hsp90 even when proteasomal clearance was functional [50]. In comparison to the
study of Beck et al. [50], our cell type was different. Furthermore, when comparing in vitro
and in vivo results, cell-cell interactions should be taken into account. Inflammation can
induce the production of Hsp90, and the anti-inflammatory effect of Hsp90 inhibition
could suppress this upregulation [51]. Therefore, in the study of Zuo et al., the reduced
Hsp90 protein levels may have resulted from reduced synthesis instead of increased
degradation [47].
In addition to the anti-inflammatory effect of Hsp90 inhibitors, the induction of other
Hsp chaperones has been recognized as a beneficial effect in experimental disease models
of neuronal aggregation diseases, such as Alzheimer’s, Parkinson’s, or Huntington’s
diseases [52]. In relation to AMD, it has been shown that increased intracellular Hsp70
levels are able to protect cells from the damage evoked by oxidative stress [53,54]. In
addition to the NLRP3-related anti-inflammatory effect, upregulation of Hsp70 could be
another beneficial effect of Hsp90 inhibitors in the treatment of AMD. In the present study,
the production of Hsp70 was induced by both MG-132 and BafA exposure, and TAS-116
showed a trend for further inducing the production of Hsp70. Batulan et al. and Yanagitani
et al. have shown, using geldanamycin and TAS-116, respectively, that Hsp90 inhibition
results in the production of Hsp70 [26,35]. The increased production of Hsp70 and Hsp27
after Hsp90 inhibition has also been observed in RPE cells [36]. In our present study,
this effect may have been masked due to the upregulation of Hsp70 induced by MG-132
and BafA.
Due to its anti-inflammatory properties, lower retinal toxicity, increased specificity
only to the cytosolic Hsp90, and minimal interactions with cytochrome P450 enzymes,
TAS-116 appears to represent a promising drug candidate, and superior to the other Hsp90
inhibitors described in the literature. A challenge to be resolved in the therapy of ocular
diseases is that, similarly to many other small molecules, the retinal half-life of TAS-116
is short [25,55]. As shown in a phase I clinical trial to treat patients with gastrointestinal
stromal tumor, the reversible therapy of eye disorders should also be possible [26]. Adverse
effects are usually dose-dependent, and dosing depends on the disease. For example, high
methotrexate doses are a suitable treatment option for cancer, while lower doses are used as
an immunosuppressant in rheumatic diseases [56]. Similarly, the dosing protocol needed to
treat AMD would probably differ from that administered in a clinical trial treating patients
with a gastrointestinal stromal tumor, i.e., the selection of the appropriate dose needs careful
optimization. Evidently, in vivo animal experiments will be the next step in determining
whether TAS-116 has an effective and safe dosing window for the treatment of retinal
disorders. Our results showing a high in vitro therapeutic index, indicate that it should be
possible to determine a TAS-116 concentration which has a good anti-inflammatory effect
without generating excessive adverse effects.
4. Materials and Methods
4.1. Cells and Stimulations
The experiments were carried out with ARPE-19 cells (American Type Culture Col-
lection, Manassas, VA, USA), which is a human-derived RPE cell line [57]. The passage
numbers of the cells ranged from 28 to 38. In the experiments, the cells were placed in
12-well plates (Costar, Corning incorporated, Kennebunk, ME, USA) or on 8 chamber Lab-
Tek chamber slides (Nunc Lab-Tek II Chamber Slide; Thermo Fisher Scientific, Rochester,
NY, USA) at the concentration of 200,000 cells/mL. Cells were cultured in a humidified
5% CO2 atmosphere at 37 ◦C in DMEM with the nutrient mixture F-12 1:1 mixture (Life
Technologies, Carlsbad, CA, USA), 100 U/mL penicillin, 100 µg/mL streptomycin (Life
Technologies, Grand Island, NY, USA), 2 mM L-glutamine (Life Technologies, Paisley, UK),
and 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). After incubation for 3 or 2
days on cell culture plates or chamber slides, respectively, confluent wells were washed
with serum-free medium, which was also used throughout the experiments.
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In the cell viability assays, the cells were treated with TAS-116 (Active Biochem,
Hongkong, China) at the indicated concentrations for 48 h. In the other experiments, the
cells were primed with 4 ng/mL recombinant human IL-1α (R&D systems, Minneapolis,
MN, USA) for 24 h. TAS-116 was added simultaneously with 5 µM MG-132 (Calbiochem,
San Diego, CA, USA) and incubated for 24 h. Subsequently, 50 nM Bafilomycin A1 (BafA;
Sigma-Aldrich, Saint Louis, MO, USA) was added into the indicated wells for another 24 h.
MG-132, TAS-116, and geldanamycin were all dissolved in DMSO (Sigma-Aldrich, Saint
Louis, MO, USA). Cell cultures differing only by the absence or presence of Hsp90 inhibitor
had equal concentrations of DMSO.
4.2. Sample Collection
Medium samples were centrifuged (380× g, 10 min), and supernatants were trans-
ferred into clean microtubes and stored at −20 ◦C until analyzed. The cells were washed
with Dulbecco’s phosphate buffered saline (DPBS; Life Technologies, Paisley, UK). In the
caspase-1 activity assay, the cells were collected into fresh DPBS and centrifuged (16,060× g,
1 min), subsequently the, supernatants were discarded and pellets were stored at −20 ◦C.
Cells used in the Western blot measurements were lysed with M-PER® solution according
to the manufacturer’s instructions (Sigma-Aldrich, Rockford, IL, USA). The lysate was
centrifuged (16,060× g, 1 min), supernatants were transferred into clean tubes, and the
tubes were stored at −80 ◦C until analyzed.
4.3. Cell Viability Assays
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was
used to determine the metabolic activity of the cells. The assay was performed as previously
described [58]. To determine the integrity of the cellular membranes, lactate dehydrogenase
(LDH) levels were measured from medium samples using the commercial CytoTox 96®
Non-Radioactive Cytotoxicity assay according to the manufacturer’s protocol (Promega
Corporation, Madison, WI, USA).
4.4. ELISA Measurements
IL-1β and IL-8 were measured from cell culture medium samples using BD OptEIATM
assays and following the manufacturer’s protocol (San Diego, CA, USA). Where needed,
samples were diluted in Assay Diluent (BD OptEIATM, San Diego, CA, USA). A commercial
TMB substrate solution (BD OptEIATM, San Diego, CA, USA) was used for the IL-1β and
IL-8 measurements. OD values were measured at a wavelength 450 nm with a reference
wavelength of 655 nm using a spectrophotometer (Bio-Rad Model 550 with the Microplate
Manager 5.2 programme; Bio-Rad Laboratories, Inc., Hercules, CA, USA)
4.5. Calculation of the Therapeutic Index
The therapeutic index is derived from the relative reduction in viability and the
relative effectiveness.
Therapeutic index =
Creduction in viability ≥ 20%
Creduction in secretion o f IL−1β ≥ 60%
, (1)
To calculate relative toxicity, we used data obtained using the MTT assay. Single OD
values were normalized to controls, which were set to 100%.
To calculate the reduction in the secretion of IL-1β, we used data obtained using IL-1β
ELISA. Since the secretion of IL-1β increases after primed cells are treated with MG-132 and
BafA [15], this group was used as a control and was set to 100%. C stands for concentration.
4.6. Caspase-1 Activity Assays
The activity of caspase-1 was measured from cell lysates using a commercial kit
(Caspase-1 Colorimetric Assay: R&D systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Caspase-1 activity was further analyzed using the Pyroptosis/
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Caspase-1 Assay (FLICA; ImmunoChemistry, Bloomington, MN, USA) in cultured cells
according to the manufacturer’s instructions. Briefly, cells grown on 8-well chamber slides
were stained following the manufacturer’s protocol, were fixed with 4% PFA, stained
with Hoechst33342 (NucBlueTM, Life Technologies, Eugene, OR, USA), and mounted with
Mowiol (Sigma, St. Louis, MO, USA). Images, one per well, two per treatment group,
were taken on the next day and adjusted with the same settings. Manually counted green
caspase spots were compared to the number of cell nuclei. The experiment was repeated
twice. In total, 1 342 IL-1α + MG-132 + BafA and 1 457 IL-1α + MG-132 +TAS-116 (1.0 µM)
+ BafA-treated cells were counted.
4.7. Western Blot Assays
Cell lysates containing 20 µg protein were mixed with 4x NuPage LDS sample buffer
(Invitrogen, Carlsbad, CA, USA) and β-mercaptoethanol (Fluka, Neu Ulm, Switzerland).
The final concentration of β-mercaptoethanol was 5%. Samples were incubated at 95 ◦C for
4 min and then loaded onto 10% SDS-PAGE gels. Proteins were wet-blotted overnight from
gels onto nitrocellulose membranes (Amersham, Pittsburgh, PA, USA). The membranes
were blocked for 2 h at room temperature (RT) in Tris-buffered saline (TBS; 50 mM Tris,
150 mM NaCl) containing 5% fat-free milk powder (Valio, Lapinlahti, Finland) and 0.1%
Tween-20 (Sigma-Aldrich, Saint Louis, MO, USA).
Mouse monoclonal Hsp70 antibody (Enzo ADI-SPA-810) was diluted 1:5000 in 0.3%
Tween-20/phosphate buffered saline (PBS; 137 mM NaCl), and the membranes were in-
cubated for 1 h at RT. Thereafter, the membranes were washed three times with 0.3%
Tween-20/PBS and incubated for 1 h at RT with horseradish peroxidase-conjugated anti-
mouse IgG antibody (NA931, GE Healthcare, Little Chalfont, Buckinghamshire, UK) di-
luted 1:40,000 in washing buffer containing 3% milk powder. Rat monoclonal Hsp90
antibody (Abcam ADI-SPA-83-SF, Abcam, Cambridge, MA, USA) was diluted 1:5000 in
0.3% Tween-20/PBS containing 0.5% BSA, and the membranes were incubated for 2 h at RT.
The washes were performed similarly to those for Hsp70. Anti-rat IgG antibody (NA935Y,
GE Healthcare, Little Chalfont, Buckinghamshire, UK) served as the secondary antibody,
and was diluted 1:20,000 in 0.3% Tween-20/PBS containing 3% milk powder. Mouse
monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Abcam ab8245,
Abcam, Cambridge, MA, USA) was diluted 1:15,000 in 0.3% Tween-20/PBS. The same
buffer was used for the washes and dilution of the secondary antibody. Membranes were
incubated overnight at +4 ◦C. The secondary antibody, anti-mouse IgG antibody (NA931,
GE Healthcare, Little Chalfont, Buckinghamshire, UK) was diluted 1:12,000. Membranes
were incubated with the secondary antibody for 2 h at RT. The membranes were washed
again, and Immobilon Western Chemiluminescent HRP Substrate (Millipore, Billerica,
MA, USA) was added to the membranes. Super Rx medical X-ray films (Fuji Corporation,
Tokyo, Japan) were used to detect the chemiluminescence, and the band intensities were
analyzed with the ImageJ software (U. S. National Institutes of Health, Bethesda, MD, USA;
http://rsb.info.nih.gov/ij, accessed on 4 May 2021). The intensities of the bands were
normalized to GAPDH.
4.8. Data and Statistical Analyses
Mann-Whitney U test was applied for pairwise statistical analyses performed using
the GraphPad Prism 8.4.0 (GraphPad Software Inc., San Diego, CA, USA). p-values 0.05
or less were considered statistically significant. All independent experiments containing
4–6 parallel samples per group were repeated at least three times if not otherwise stated.
5. Conclusions
From the group of currently available Hsp90 inhibitors, TAS-116 seems to be one
of the promising drug candidates, furthermore it also seems that it will be active in the
ocular environment. Owing to its high in vitro therapeutic index, it should be possible to
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find a TAS-116 concentration achieving a good anti-inflammatory effect in the eye without
causing disturbing adverse effects.
Author Contributions: Conceptualization, A.K. and S.R.-a.; methodology, A.K., S.R.-a., N.P., E.K.;
validation, A.K. and S.R.-a.; formal analysis, S.R.-a.; investigation, S.R.-a.; resources, A.K. and K.K.;
data curation, A.K. and S.R.-a.; writing—original draft preparation, A.K. and S.R.-a.; writing—review
and editing, K.K., N.P., M.H. and E.K.; visualization, A.K. and S.R.-a.; supervision, A.K.; project
administration, A.K.; funding acquisition, A.K., K.K. and S.R.-a. All authors have read and agreed to
the published version of the manuscript.
Funding: This research was funded by the Academy of Finland (297267, 307341, 328443, 296840 and
333302), the Emil Aaltonen Foundation, the Päivikki and Sakari Sohlberg Foundation, The Finnish
Cultural Foundation, and North Savo Regional Fund. The APC was funded by the Academy of
Finland (328443).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request from the authors.
Acknowledgments: We warmly acknowledge Research Director Emeritus Antero Salminen for his
valuable collaboration, discussions, and critical review of the manuscript, and Ewen MacDonald for
the language revision.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study.
References
1. Schroder, K.; Tschopp, J. The inflammasomes. Cell 2010, 140, 821–832. [CrossRef] [PubMed]
2. Tsuchiya, K. Inflammasome-associated cell death: Pyroptosis, apoptosis, and physiological implications. Microbiol. Immunol.
2020, 64, 252–269. [CrossRef] [PubMed]
3. Piippo, N.; Korkmaz, A.; Hytti, M.; Kinnunen, K.; Salminen, A.; Atalay, M.; Kaarniranta, K.; Kauppinen, A. Decline in cellular
clearance systems induces inflammasome signaling in human ARPE-19 cells. Biochim. Biophys. Acta (BBA) Bioenerg. 2014, 1843,
3038–3046. [CrossRef]
4. Halle, A.; Hornung, V.; Petzold, G.C.; Stewart, C.R.; Monks, B.G.; Reinheckel, T.; Fitzgerald, K.A.; Latz, E.; Moore, K.J.; Golenbock,
D.T. The NALP3 inflammasome is involved in the innate immune response to amyloid-β. Nat. Immunol. 2008, 9, 857–865.
[CrossRef]
5. Duewell, P.; Kono, H.; Rayner, K.J.; Sirois, C.M.; Vladimer, G., I; Bauernfeind, F.G.; Abela, G.S.; Franchi, L.; Nuñez, G.; Schnurr,
M.; et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nat. Cell Biol. 2010, 464,
1357–1361. [CrossRef]
6. Mao, Z.; Liu, C.; Ji, S.; Yang, Q.; Ye, H.; Han, H.; Xue, Z. The NLRP3 inflammasome is involved in the pathogenesis of parkinson’s
disease in rats. Neurochem. Res. 2017, 42, 1104–1115. [CrossRef]
7. Baldrighi, M.; Mallat, Z.; Li, X. NLRP3 inflammasome pathways in atherosclerosis. Atherosclerosis 2017, 267, 127–138. [CrossRef]
8. Kauppinen, A.; Niskanen, H.; Suuronen, T.; Kinnunen, K.; Salminen, A.; Kaarniranta, K. Oxidative stress activates NLRP3
inflammasomes in ARPE-19 cells—Implications for age-related macular degeneration (AMD). Immunol. Lett. 2012, 147, 29–33.
[CrossRef]
9. Kauppinen, A.; Paterno, J.J.; Blasiak, J.; Salminen, A.; Kaarniranta, K. Inflammation and its role in age-related macular degenera-
tion. Cell. Mol. Life Sci. 2016, 73, 1765–1786. [CrossRef]
10. Tseng, W.A.; Thein, T.; Kinnunen, K.; Lashkari, K.; Gregory, M.S.; D’Amore, P.A.; Ksander, B.R. NLRP3 inflammasome activation
in retinal pigment epithelial cells by lysosomal destabilization: Implications for age-related macular degeneration. Investig.
Opthalmol. Vis. Sci. 2013, 54, 110–120. [CrossRef] [PubMed]
11. Tarallo, V.; Hirano, Y.; Gelfand, B.D.; Dridi, S.; Kerur, N.; Kim, Y.; Gil Cho, W.; Kaneko, H.; Fowler, B.J.; Bogdanovich, S.; et al.
DICER1 loss and alu RNA induce age-related macular degeneration via the NLRP3 inflammasome and MyD88. Cell 2012, 149,
847–859. [CrossRef] [PubMed]
12. Doyle, S.L.; Campbell, M.; Ozaki, E.; Salomon, R.G.; Mori, A.; Kenna, P.F.; Farrar, G.J.; Kiang, A.-S.; Humphries, M.M.; Lavelle,
E.C.; et al. NLRP3 has a protective role in age-related macular degeneration through the induction of IL-18 by drusen components.
Nat. Med. 2012, 18, 791–798. [CrossRef] [PubMed]
13. Anderson, O.A.; Finkelstein, A.; Shima, D.T. A2E induces IL-1β production in retinal pigment epithelial cells via the NLRP3
inflammasome. PLoS ONE 2013, 8, e67263. [CrossRef]
14. Mayor, A.; Martinon, F.; De Smedt, T.; Pétrilli, V.; Tschopp, J. A crucial function of SGT1 and HSP90 in inflammasome activity
links mammalian and plant innate immune responses. Nat. Immunol. 2007, 8, 497–503. [CrossRef]
Int. J. Mol. Sci. 2021, 22, 4875 13 of 14
15. Piippo, N.; Korhonen, E.; Hytti, M.; Skottman, H.; Kinnunen, K.; Josifovska, N.; Petrovski, G.; Kaarniranta, K.; Kauppinen, A.
Hsp90 inhibition as a means to inhibit activation of the NLRP3 inflammasome. Sci. Rep. 2018, 8, 6720. [CrossRef]
16. Garcia-Carbonero, R.; Carnero, A.; Paz-Ares, L. Inhibition of HSP90 molecular chaperones: Moving into the clinic. Lancet Oncol.
2013, 14, e358–e369. [CrossRef]
17. Carman, A.; Kishinevsky, A.C.S.; Lou, J.K.I.W.; Koren, J.; Chiosis, G. Chaperone-dependent Neurodegeneration: A Molecular
Perspective on Therapeutic Intervention. J. Alzheimer Dis. Park. 2013. [CrossRef]
18. Poulaki, V.; Iliaki, E.; Mitsiades, N.; Mitsiades, C.S.; Paulus, Y.N.; Bula, D.V.; Gragoudas, E.S.; Miller, J.W. Inhibition of Hsp90
attenuates inflammation in endotoxin-induced uveitis. FASEB J. 2007, 21, 2113–2123. [CrossRef]
19. Aguilà, M.; Bevilacqua, D.; McCulley, C.; Schwarz, N.; Athanasiou, D.; Kanuga, N.; Novoselov, S.S.; Lange, C.A.; Ali, R.R.;
Bainbridge, J.W.; et al. Hsp90 inhibition protects against inherited retinal degeneration. Hum. Mol. Genet. 2014, 23, 2164–2175.
[CrossRef]
20. Tam, L.C.; Kiang, A.-S.; Campbell, M.; Keaney, J.; Farrar, G.J.; Humphries, M.M.; Kenna, P.F.; Humphries, P. Prevention of
autosomal dominant retinitis pigmentosa by systemic drug therapy targeting heat shock protein 90 (Hsp90). Hum. Mol. Genet.
2010, 19, 4421–4436. [CrossRef]
21. Kummar, S.; Gutierrez, M.E.; Gardner, E.R.; Chen, X.; Figg, W.D.; Zajac-Kaye, M.; Chen, M.; Steinberg, S.M.; Muir, C.A.; Yancey,
M.A.; et al. Phase I trial of 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), a heat shock protein inhibitor,
administered twice weekly in patients with advanced malignancies. Eur. J. Cancer 2010, 46, 340–347. [CrossRef] [PubMed]
22. Pacey, S.; Wilson, R.H.; Walton, M.; Eatock, M.M.; Hardcastle, A.; Zetterlund, A.; Arkenau, H.-T.; Moreno-Farre, J.; Banerji, U.;
Roels, B.; et al. A phase I study of the heat shock protein 90 inhibitor alvespimycin (17-DMAG) given intravenously to patients
with advanced solid tumors. Clin. Cancer Res. 2011, 17, 1561–1570. [CrossRef] [PubMed]
23. Sessa, C.; Shapiro, G.I.; Bhalla, K.N.; Britten, C.; Jacks, K.S.; Mita, M.; Papadimitrakopoulou, V.; Pluard, T.; Samuel, T.A.; Akimov,
M.; et al. First-in-human phase I dose-escalation study of the HSP90 inhibitor AUY922 in patients with advanced solid tumors.
Clin. Cancer Res. 2013, 19, 3671–3680. [CrossRef] [PubMed]
24. Shapiro, G.I.; Kwak, E.L.; Dezube, B.J.; Yule, M.; Ayrton, J.; Lyons, J.; Mahadevan, D. First-in-human phase i dose escalation study
of a second-generation non-ansamycin HSP90 inhibitor, AT13387, in patients with advanced solid tumors. Clin. Cancer Res. 2014,
21, 87–97. [CrossRef] [PubMed]
25. Ohkubo, S.; Kodama, Y.; Muraoka, H.; Hitotsumachi, H.; Yoshimura, C.; Kitade, M.; Hashimoto, A.; Ito, K.; Gomori, A.; Takahashi,
K.; et al. TAS-116, a highly selective inhibitor of heat shock protein 90α and β, demonstrates potent antitumor activity and
minimal ocular toxicity in preclinical models. Mol. Cancer Ther. 2015, 14, 14–22. [CrossRef] [PubMed]
26. Yanagitani, N.; Horiike, A.; Kitazono, S.; Ohyanagi, F.; Kondo, S.; Shimomura, A.; Fujiwara, Y.; Doi, T.; Kuboki, Y.; Kawazoe, A.;
et al. First-in-human phase I study of an oral HSP90 inhibitor, TAS-116, in advanced solid tumors. J. Clin. Oncol. 2017, 35, 2546.
[CrossRef]
27. Resnikoff, S.; Pascolini, D.; Etya’Ale, D.; Kocur, I.; Pararajasegaram, R.; Pokharel, G.P.; Mariotti, S.P. Global data on visual
impairment in the year 2002. Bull. World Health Organ. 2004, 82, 844–851.
28. Zhao, M.; Bai, Y.; Xie, W.; Shi, X.; Li, F.; Yang, F.; Sun, Y.; Huang, L.; Li, X. Interleukin-1β level is increased in vitreous of patients
with neovascular age-related macular degeneration (nAMD) and polypoidal choroidal vasculopathy (PCV). PLoS ONE 2015, 10,
e0125150. [CrossRef] [PubMed]
29. Strauss, O. The retinal pigment epithelium in visual function. Physiol. Rev. 2005, 85, 845–881. [CrossRef]
30. Kaarniranta, K.; Sinha, D.; Blasiak, J.; Kauppinen, A.; Veréb, Z.; Salminen, A.; Boulton, M.E.; Petrovski, G. Autophagy and
heterophagy dysregulation leads to retinal pigment epithelium dysfunction and development of age-related macular degeneration.
Autophagy 2013, 9, 973–984. [CrossRef]
31. Brandstetter, C.; Patt, J.; Holz, F.G.; Krohne, T.U. Inflammasome priming increases retinal pigment epithelial cell susceptibility to
lipofuscin phototoxicity by changing the cell death mechanism from apoptosis to pyroptosis. J. Photochem. Photobiol. B Biol. 2016,
161, 177–183. [CrossRef]
32. Bauernfeind, F.G.; Horvath, G.; Stutz, A.; Alnemri, E.S.; Macdonald, K.L.; Speert, D.P.; Fernandes-Alnemri, T.; Wu, J.; Monks, B.G.;
Fitzgerald, K.A.; et al. Cutting edge: NF-κB activating pattern recognition and cytokine receptors license NLRP3 inflammasome
activation by regulating NLRP3 expression. J. Immunol. 2009, 183, 787–791. [CrossRef]
33. Schroder, K.; Sagulenko, V.; Zamoshnikova, A.; Richards, A.A.; Cridland, J.A.; Irvine, K.M.; Stacey, K.J.; Sweet, M.J. Acute
lipopolysaccharide priming boosts inflammasome activation independently of inflammasome sensor induction. Immunobiology
2012, 217, 1325–1329. [CrossRef] [PubMed]
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